The contributions of the hepatic microsomal and cytosolic fractions in the metabolic activation of the promutagen 2-aminofluorene into mutagenic intermediates in the Ames test were investigated. Rat hepatic postmitochondrial, microsomal and cytosolic preparations could convert 2-aminofluorene to mutagens, the postmitochondrial preparation being the most and cytosol the least efficient. Pretreatment of the rats with Aroclor 1254 markedly enhanced the cytosol-mediated mutagenicity of the amine but increased microsomal-and postmitochrondrial-mediated mutagenicity only modestly. The cytosolmediated mutagenicity of 2-aminofluorene was abolished by heat treatment and by incubation with proteinase K, but was unaffected by dialysis emphasising the protein nature of the cytosolic activation system. Oxygen radical generating systems and oxygen radical scavengers did not significantly influence the cytosol-mediated mutagenic response. Similarly incorporation of xanthine or allopurinol into the cytosolic activation system did not modulate the mutagenic response indicating no role for the molybdenum oxygenases. The cytosolic activation of 2-aminofluorene differed from that mediated by the microsomes in cofactor requirement, substrate specificity and sensitivity to DMSO and (+)-catechin. Further centrifugation of the cytosolic fraction to remove any microsomal contamination did not decrease the cytosolic activation of 2-aminofluorene. It is concluded that the hepatic cytosol contains an oxygenase activity capable of activating certain aromatic amines.
Introduction
The bioactivation of chemical carcinogens involves, in most cases, an initial oxidation to yield a reactive intermediate, the proximate carcinogen which can either interact with DNA and/or be further metabolised to an even more reactive species, the ultimate carcinogen, that very readily interacts with DNA, initiating the carcinogenic process. By far the most efficient tissue in the metabolic activation of chemical carcinogens is the liver. Two enzyme systems appear to be responsible for the oxidation of carcinogens, both residing in the endoplasmic reticulum, namely: (a) The cytochrome P-450-dependent mixed-function oxidases, a superfamily ofproteins with different substrate specificity [I] and (b) The F AD-monooxygenase system, primarily involved in the oxidation of aromatic amines [2] . The proximate carcinogens genera ted by these two enzyme systems may be furt her ac ti va ted by various microsomal and cytosolic conjugases, e.g. acetylase, N,O-acyl transferase and sulphotransferase.
The cytosol is believed to be devoid of any role in the initial oxidation of chemical carcinogens and to be involved exclusively in the furt her metabolism of the oxidation products produced by microsomes. Incorporation of the cytosolic fraction into the microsomal activation system in the Ames test can markedly enhance the mutagenic effect of chemicals such as benzo [a] pyrene, aflatoxin B, [3] , 2-aminofluorene [4] , 2-acetylaminofluorene [5] , 2-amino-3-methylimidazo-(4,5-:f)quinoline [6] , benzidine [7] and N-nitrosopiperidine [8] .
In the early 1980's it was repeatedly reported that hepatic cytosolic preparations from Aroclor 1254-treated rats, in the absence of microsomes, could convert 2-aminofluorene, its acetylated derivative and 2-aminoanthracene to mutagens in the Ames test [5, 9, 10] . The same system, however, could not activate ethidium bromide, benzo [a] pyrene and dimethylaminoazobenzene indicating that this cytosolic system may be specific to certain amines. Moreover, cytosolic enzymes could dealkylate dimethyl and phenylmethyl nitrosamines [11] . Despite the important implications of these observations in chemical carcinogenesis, this pathway has not been further investigated.
In the present paper we describe further studies establishing the enzymic nature of the cytosolic activating system and provide strong evidence that the activity is exclusively associated with the cytosol and is highly unlikely to be due to microsomal contamination.
Materials and methods
2-Aminofluorene and allopurinol (Aldrich Chemical Co., Gillingharn, Dorset, U.K.), 4-aminobiphenyl (Phase Separations Ltd., Queensferry, Flints.), Aroclor 1254 (Robens Institute, University of Surrey,), proteinase K (Boehringer, Lewes, East Sussex), DM SO (FSA, Loughborough, Leics.), 2-acetylaminofluorene, 2,7-diaminofluorene, benzidine, (+ )-catechin, xanthine, glucose 6-phosphate dehydrogenase and all cofactors (Sigma Co., Poole, Dorset) were purchased. TtIe Salmonella typhimurium strain TAI538 was generously donated by Professor B.N. Ames, Berkeley, USA.
Male Wistar albino rats (150-200 g) were purchased from the Experimental Biology Unit, University of Surrey. Induction of the hepatic mixed-function oxidase system was achieved by a single intraperitoneal administration of Aroclor 1254 (500 mg/kg), dissolved in corn oil (200 mg/mI), the animals being killed on the 5th day following administration. Hepatic postmitochondrial (S9), microsomal and cytosolic fractions were prepared as previously described [12] .
The metabolic activation of the various prornutagens was assessed using the Ames mutagenicity assay employing TA 1538 as the indicator Salmonella typhimurium strain [13] . The activation system contained IOoA, (v/v) of the appropriate hepatic fraction (25% w/v), supplemented with glucose 6-phosphate dehydrogenase (l unit/plate) when isolated microsomes or heatlproteinase-treated cytosol were used. All promutagens were dissolved in DMSO and care was taken so that the total content of DMSO was constant and never exceeded 100 /LI per incubation. Where these conditions were altered, the changes are described in the appropriate legends.
Results
2-Aminofluorene was activated to mutagenic intermediates by all three control enzyme systems, namely S9, isolated microsomes and cytosolic fraction, S9 being the most and cytosol the least efficient (Fig. I) . Pretreatment with Aroclor 1254 markedIy enhanced the cytosolic activation of 2-aminofluorene (ab out 4-fold at the highest mutagen concentration) and increased modestly activation by isolated microsomes, only at the highest carcinogen concentration, and to an even lesser extent activation by S9 (about 1.5-fold at the highest carcinogen concentration). With Aroclor 1254-induced preparations, the mutagenic response of 2-aminofluorene with cytosol employed as the activation system was about one third of that seen with microsomes only (Fig. I ). 2-Acetylaminofluorene was activated by all Aroclor 1254-induced hepatic fractions but not or very poorly by those from untreated animals, the S9 and microsomes being clearly the most effective (Fig. 2) . With all activation systems 2-aminofluorene displayed mutagenicity that was much greater than that of its acetylated derivative. Subsequent studies were conducted using 2-aminofluorene as the model mutagen since it was the most effectively activated by the cytosol among those studied. InitialIy the studies aimed at optimising the activation conditions. Incorporation of a preincubation step at 37°C enhanced the cytosol-induced mutagenicity of 2-aminofluorene, at least up to an hour (Fig. 3) . When isolated microsomes were utilised as the activation system, maximum mutagenic response appears to have been reached following a 15 min preincubation period. Increasing the amount of cytosolic protein resulted in a similar rise in the 2-aminofluorene-mediated mutagenic response (Fig. 3) . In marked contrast, increasing the microsomal protein content of the activation system decreased drastically the mutagenic response. In all subsequent studies 10% activation systems were employed since at this concentration good mutagenic responses were obtained with both hepatic fractions.
Using cytosol from Aroclor 1254-pretreated animals as activation system a positive mutagenic response was also seen with 2,7-diaminofluorene but not with either 4-aminobiphenyl or benzidine (Table I) .
Both the microsomal and cytosolic fractions from Aroclor 1254-induced animals failed to activate 2-aminofluorene in the absence of any cofactors (Table 11) . However, when glucose 6-phosphate and NADP, or NADPH were incorporated into the hepatic fractions a strong mutagenic response was evident, particularly with the microsomes. Very weak mutagenic responses were seen, with both hepatic fractions, in the presence of NADP only, whereas in the presence of glucose 6-phosphate a weak response was seen with the microsomes but none with the cytosol (Table 11) . .l!l 800 c::
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Fig. I. Metabolie aetivation of 2-aminotluorene by hepatie preparations from control and Aroclor l254-induced rats. The assay was carried out using the Salmonella typhimurium strain TAl538 and employing \0% (viv) activation systems. When microsomes were used, the activation system was supplemented with glucose 6-phosphate dehydrogenase (1 unitlplate). Each point represents the mean ± S.D. for three experiments. The spontaneous reversion rate of 13 ± 3 has already been substracted. Control ( -), Aroclor l254-treated (-----). Hepatic fraction in activation system (%) Fig. 3 . Dependence of mutagenic response of 2-aminofluorene on the concentration of activation system and on the incorporation of a pre-incubation step. The test was performed using the Salmonella typhimurium strain TA1538, 2-aminofluorene (4 /tg) and Aroclor 1254-induced rat hepatic preparations (10%, v/v). When microsomes were used, the activation system was supplemented with glucose 6-phosphate dihydrogenase (I unitlplate). Each point represents the mean ± S.D. for three experiments. The spontaneous reversion rate of 12 ± 1 has already been substracted. Microsomes ( -), cytosol
. . . 1--------------
Interestingly NADH could efficiently support the microsomal, but not the cytosolic, activation of2-aminofluorene. The role ofNADH was further investigated to determine whether NADH and NADPH could elicit an additive or a synergistic response. Microsomal activation of 2-aminofluorene could be supported by NADH only to about 75% of that seen with NADPH, whereas only 10% of the cytosolic activation could be supported by NADH (Table 11 ). Incorporation of both NADH and NADPH produced no additive or synergistic efTect in either hepatic fraction. In order to evaluate the requirement for 02' the 30 min preincubation step was carried out under a N 2 atmosphere. In the absence of Ob the 2-aminofluorene-induced mutagenic response was reduced with both microsomal and cytosolic hepatic fractions, being more pronounced with the former. When 2-nitrofluorene was used, a mutagen that is not activated by oxidation but is reduced to the mutagenic hydroxylamine by bacterial nitroreductases, incubation in an N 2 atmosphere did not influence the mutagenic response (Table 11) . In order to eliminate any contribution of microsomal contamination to the cytosolic activation of 2-aminofluorene, the cytosol was further centrifuged twice and mutagenicity ofthe amine was investigated. No decrease in the mutagenicity was observed but, in contrast, a marked and reproducible increase in mutagenicity was evident (Table 111 ). The cytosol-mediated mutagenicity of 2-aminofluorene was totally abolished by heat treatment and reduced to 10% following treatment with proteinase K (Table IV) . A similar picture was obtained when microsomes served as the activation system. Storage of the cytosolic fraction at 4°C resulted in almost totalloss of activity (Fig. 4) . Dialysis of the cytosol against 10 mM phosphate buffer (pH 7.5) plus 10% glycerol did not alter 2-aminofluorene mutagenicity, being 325 ± 45 before and 282 ± 25 after dialysis.
DMSO caused a marked, concentration-dependent decrease in the cytosolinduced mutagenicity of 2-aminofluorene (Fig. 5) . When the promutagen was dissolved in a minimum of 20 /LI of the solvent, the mutagenic response was about four times higher than when 2-aminofluorene was dissolved in the standard volume of 100 /LI. Under the same conditions, the microsomal activation of 2-aminofluorene was only slightly decreased by the increase in DMSO concentration, from l365 ± 26 to 1180 ± 35 histidine revertants/plate, areduction of only 14%. Similarly, retinol decreased, in a concentration-dependent fashion, the cytosolic activation of 2-aminofluorene (Fig. 5) . Finally, superoxide dismutase (50 units/plate), ca tal ase (50 units/plate), mannitol (50 mM), ascorbic acid (10 mM), (+)-catechin (1 mM) and the molybdenum oxygenase inhibitors xanthine (300 ItM) and allopurinol (1 mM) had no significant influence on the cytosolic activation of the mutagen (results not shown). OMSO and retinol. The experiment was carried out using the Salmonella typhimurium strain TA1538, 2-aminofluorene (4 ",g) and hepatic cytosol (10%, v/v) from Aroclor 1254-induced rats. In the first study the total amount of OMSO in the activation system ranged from 20 to 200 ",I. In the second study retinol (5-100 ",glplate) was added into the activation system. In both studies a pre-incubation step of 60 min at 37°C was incorporated. Each point represents the mean ± S.O. of three experiments. The spontaneous reversion rates of 10 ± 2 and 7 ± I in the OMSO and retinol study rcspectively, have al ready been substracted.
Discussion
The first and rate limiting, step in the bioactivation of aromatic amines is believed to be an N-hydroxylation catalysed by microsomal enzymes, the generated hydroxylamine serving as the proximate mutagen. Further metabolism by phase 11 conjugation enzymes eventually results in the production of ultimate electrophilic species such as the nitrenium ions that bind covalently to the DNA and initiate the carcinogenic process. The present paper describes a unique cytosolic oxygenase activity, apparently of high specific substrate specificity, which is effective in activating certain aromatic amines to mutagenic intermediates in the Ames test. As ringhydroxylated products are largely non-mutagenic [14, 15] it may be inferred that this enzyme catalyses the N-hydroxylation of the amine. The requirements for oxygen and reduced dinuc1eotides also support such a role. Moreover, fluorene and 2-acetylfluorene, i.e. the parent compounds lacking the amino group, displayed no mutagenic response under these conditions (resuIts not shown) indicating that arene oxides are unlikely to be involved in the mutagenic process.
The possibility that the cytosolic activity may simply reflect microsomal contamination has been raised [9] . In this paper we provide strong experimental evidence that this is not the case, and that the cytosolic activation is catalysed by a novel system. (a) Cofactor requirement differs in that NADH can c1early support the microsomal but not the cytosolic activation of 2-aminofluorene. (b) The Aroc1or 1254-induced cytosol failed to convert 4-aminobiphenyl and benzidine to mutagenic intermediates, which are, however, activated by the microsomes [7, 14, 16] . It is worth pointing out that 2-aminoanthracene, frequently used as a positive control in mutagenicity studies, is also extensively metabolised by hepatic cytosolic fractions [17] . (c) Further centrifugation of the cytosolic fraction to remove any microsomal contamination present did not result in any decrease in the cytosolic activation of 2-aminofluorene but, in contrast, a reproducible increase in the mutagenic response, was seen. This increase may reflect the removal of material associated with microsomes that inhibits the cytosolic activity. (d) (+ )-Catechin, an inhibitor of cytochrome P-450 reductase known to suppress the microsomal activation of aromatic amines, inc1uding 2-aminofluorene [18] , failed to inhibit the cytosolmediated mutagenicity of 2-aminofluorene, (e) Cytosolic activation of 2-aminofluorene is very markedly suppressed by DMSO whereas the microsomal activation is only slightly inhibited. (f) When Aroc1or 1254-induced hepatic preparations were utilised as activation systems for 2-aminofluorene, the cytosolic activation was 30% of that induced by the microsomes, incompatible with minor microsomal contamination of the cytosol. However, in this case, it may be argued that the mutagenic response induced by the cytosol reflects, at least partly, the further metabolism by phase 11 reactions of the primary metabolites to more mutagenic intermediates. As the activation systems were not supplemented with any phase 11 cofactors, the most likely action of the cytosol is to protect the oxidation of the Nhydroxy-2-aminofluorene to the less mutagenic 2-nitrosofluorene [4] . A final, but unlikely possibility, which cannot be exc1uded is that an enzyme associated with the endoplasmic reticulum, but different to the one catalysing the microsomal activation of 2-aminofluorene, may be released into the cytosol during centrifugation.
Enzymes present in the cytosol that can play a role in the metabolism of xenobiotics are the molybdenum oxidases, aldehyde oxidase and xanthine oxidase. Aldehyde oxidase cannot be envisaged to contribute in the initial metabolism of 2-aminofluorene and moreover it appears not to be induced by Aroc1or 1254. In the present study xanthine itself, as weil as the potent inhibitor of xanthine oxidase allopurinol, failed to inhibit the cytosolic activation of 2-aminofluorene; furthermore, this enzyme has no requirement for NADPH. ClearlY the molybdenum oxidases cannot account for the cytosol-induced mutagenicity of 2-aminofluorene. An enzyme system, present in the cytosol and capable of oxidising polycyclic aromatic hydrocarbons has also been described [19] . Since this system functions in the absence of added cofactors it may be inferred that it is different to the one described in the present study.
The cytosolic activation of 2-aminofluorene, similar to the microsomal activity, was heat labile and was almost totally abolished by treatment with proteinase K. When stored at 4°C, a complete loss of cytosolic activity was seen within 4 days. Finally, the cytosol-induced mutagenicity of 2-aminofluorene was unaffected by overnight dialysis against sodium phosphate buffer. Collectively, these observations testify to the pro tein nature of the cytosolic activation system. Cytosolic activation increased with increasing protein concentration, but not the microsomal activation, in agreement with previous studies [13] .
Pretreatment of rats with Aroclor 1254, a mixture of polychlorinated biphenyls, an established inducer of the hepatic cytochrome P-450 families concerned with xenobiotic metabolism enhanced the cytosolic activation of 2-aminofluorene and its acetylated derivative indicating that the cytosolic activity is subject to induction by exposure to environmental chemicals. However, only a modest increase in mutagenic response was seen when S9 or microsomes were used as the activation system and only at the higher carcinogen concentrations. 2-Aminofluorene is selectively Nhydroxylated and activated by the P450 I family and especially the A2 protein [20] . Moreover induction of this family by 2-aminofluorene appears to be an important factor determining its carcinogenicity [21] , The lack of major effect in the microsome-induced mutagenicity of 2-aminofluorene following induction with Aroclor 1254 indicates that the P450 I family plays a limited role in the mutagenicity of this amine and suggests that other, constitutive proteins, non-inducible by Aroclor 1254, are largely responsible for the mutagenicity of this amine, or alternatively the F AD-monooxygenase system can account for all the activation. However, the possibility that Aroclor 1254 induces the deactivation of 2-aminofluorene through ring-hydroxylation to a much greater extent than N-hydroxylation cannot be excluded.
The cytosolic activation of this amine required O 2 and was inhibited when the preincubation was carried out in an atmosphere of nitrogen. The observation that considerable mutagenic response remained even when nitrogen was used is likely due to the fact that, when the agar containing the bacteria and activation system are plated, aerobic conditions are re-established, thus initiating the oxidative activation of the amine.
The marked, concentration-dependent inhibition of the cytosolic activation of 2-aminofluorene by DMSO and retinol, established oxygen radical scavengers, implicates oxygen radicals in the activation process. Oxygen radicals may be responsible for the oxidation and oxygenation of chemical carcinogens including 2-aminofluorene [22, 23] . However, such a mechanism in the cytosolic activation of this amine is not supported by the experimental findings that superoxide dismutase, catalase and ascorbic acid did not influence mutagenicity. Moreover, substitution of the cytosol in the activation system with haem, haemoglobin, or the radicalgenerating xanthine/xanthine oxidase system resulted only in a marginal increase in the number of histidine revertants over spontaneous reversion rate (results not shown) and could not account for the observed cytosolic activation of 2-aminofluorene. These findings suggest that DMSO and retinol have a direct effect on the cytosolic enzyme, impairing its activity.
An interesting and unexpected observation was that the microsomal activation of 2-aminofluorene could be supported by NADH. Similar observations have been reported for other carcinogens such as nitrosopiperidine [8] , dimethylnitrosamine [24] and the S9-mediated activation of 2-acetylaminofluorene [25] . It may be concIuded that an NADH-dependent microsomal enzyme can catalyse the Noxygenation of 2-aminofluorene or, alternatively, certain cytochrome P-450 families may utilise NADH as the only electron donor. No synergistic or additive effect between NADH and NADPH was observed in the present study.
In summary, the present paper describes the presence of a cytosolic oxygenase activity that can convert certain aromatic amines to their genotoxic intermediates and may thus, playa role in the weil known carcinogenicity of these chemicals.
